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Power-conversion efficiency is a critical factor for the wider adoption of solar-cell modules. Thin-
film solar cells are cheap and easy to manufacture, but their efficiencies are low compared to
crystalline-silicon solar cells and need to be improved. A thin-film solar cell with two absorber
layers (instead of only one), with bandgap energy graded in both, can capture solar photons in a
wider spectral range. With a 300-nm-thick CuIn1−ξ1Gaξ1Se2 absorber layer and an 870-nm-thick
Cu2ZnSn (Sξ2Se1−ξ2)4 absorber layer, an efficiency of 34.45% is predicted by a detailed optoelec-
tronic model, provided that the grading of bandgap energy is optimal in both absorber layers.
A photovoltaic solar cell consists of a metallic layer
that serves as an optical reflector as well as the electri-
cal back-contact, a back-passivation layer, at least two
semiconductor layers in which electrical charges are gen-
erated by the absorption of solar photons, an electrical
front-contact layer, and one or two antireflection coatings
that are illuminated by the sun. Some solar cells have an
additional buffer or front-passivation layer as well, the
role of any passivation layer being to prevent recombina-
tion of two charges of opposite polarity. When the solar
cell is exposed to sunlight, photons with energy larger
than the bandgap energy are absorbed in the semicon-
ductor layers. The absorbed energy excites electrons in
the valence band. The excited electrons move to the con-
duction band and leave holes behind in the valence band.
Thus, electron-hole pairs are created. When an electron
and a hole recombine, energy is lost by conversion to heat
and/or light. If a voltage is applied across the semicon-
ductor layers, the electrons and the holes move in sepa-
rate directions creating an electric current that depends
on the density of impurity atoms in each semiconductor
layer. This is the basic principle of a photovoltaic solar
cell [1].
Laudable technological and economic developments
made on the commercially dominant crystalline-silicon
(c-Si) solar cells have dramatically decreased investment
costs [2], in line with what is needed to cope with climate
emergency [3]. Solar parks take land that could otherwise
be used for other purposes such as farming and the trans-
portation of electrical energy adds transmission losses. In
addition to a grid of solar parks, there is a need for in-
device energy generation of electricity for human progress
to become truly unconstrained by energy economics.
Thin-film solar cells can fill the need for in-device
microwatt-scale ubiquitous generation of electricity.
However, the efficiencies of thin-film solar cells are lower
than those of c-Si solar cells. The highest reported effi-
ciencies of thin-film CdTe, CuIn1−ξ1Gaξ1Se2(i.e., CIGS),
and Cu2ZnSn (Sξ2Se1−ξ2)4(i.e., CZTSSe) solar cells are
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21.0%, 22.6%, and 12.6%, respectively [4], while the effi-
ciency of the c-Si solar cell is 26.7% [4]. Thin-film solar
cells require improvements.
In a typical solar cell, there is one thick semiconduc-
tor layer that is the dominant site for photons to be ab-
sorbed and is therefore the major contributor to the elec-
tric current generated. The absorber layer can be either
an n-type or a p-type semiconductor. c-Si, CIGS, and
CZTSSe solar cells have a single p-type thick absorber
layer. The bandgap energy of the absorber layer plays
a crucial role in the efficiency of the solar cell to con-
vert solar (photonic) energy into electrical energy. The
short-circuit current density Jsc is high/low but the open-
circuit voltage Voc is low/high when the absorber layer
has small/large bandgap energy [5]. Hence, the efficiency
η of a solar cell can be improved by the optimal design
of the absorber layer.
The bandgap energy of an absorber layer made of a
compound semiconductor such as CIGS and CZTSSe can
be optimally fixed within reasonable upper and lower
bounds by correctly choosing the composition of the
semiconductor [6–9]. Thus, the bandgap energy of CIGS
depends on ξ1 ∈ [0, 1] and that of CZTSSe on ξ2 ∈ [0, 1].
Compositional grading of the absorber layer (i.e., grad-
ing ξ1 for CIGS and ξ2 for CZTSSe) during fabrication
can be exploited to grade the bandgap energy of that
layer in the thickness direction. Linear grading of the
bandgap energy of the absorber layer has been experi-
mentally shown to improve the open-circuit voltage of
CIGS solar cells [6, 9]. Similarly, it has been experi-
mentally demonstrated that Jsc can be improved with-
out reducing Voc by grading the bandgap energy of the
absorber layer in CZTSSe solar cells [7]. Detailed opto-
electronic modeling indicates that the proper grading of
the bandgap energy of the absorber layer can enhance
both Voc and Jsc in thin-film solar cells [10, 11]; efficien-
cies as high as 27.70% and 21.74% have been predicted
for CIGS solar cells [10] and CZTSSe solar cells [11], re-
spectively.
Even with the bandgap-energy grading, the CIGS and
CZTSSe absorber layers absorb only a part of the optical
energy available in the solar spectrum. The bandgap
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2energy of CIGS can be varied between 0.947 eV and
1.626 eV, and that of CZTSSe between 0.91 eV and
1.49 eV. One way to absorb solar photons in a wider spec-
tral range is to combine a CIGS solar cell and a CZTSSe
solar cell in a tandem structure [5]. However, the current
densities created in the two constituent solar cells will
be different, and a two-terminal device with both solar
cells in series will not be efficient [5]. Combining a CIGS
solar cell and a CZTSSe solar cells in a four-terminal de-
vice will require additional circuitry to be fabricated and
managed, resulting in parasitic losses, effectively reduc-
ing the overall efficiency of the tandem solar cell. We pro-
pose here another option to harvest photons over a wider
spectral range and improve the performance of thin-film
solar cells.
The structures of the CIGS and CZTSSe solar cells—
shown in Figs. 1(a) and 1(b), respectively—-are identi-
cal, except for having a p-type absorber layer made of
either CIGS or CZTSSe. Solar cells of both types have
a molybdenum (Mo) back-contact layer, an aluminum-
oxide (Al2O3) back-passivation layer, the absorber layer
of a p-type semiconductor, a semiconductor layer of n-
type cadmium sulfide (CdS), an oxygen-deficient zinc-
oxide (od-ZnO) front-passivation layer, a front-contact
layer made of aluminum-doped zinc oxide (AZO), and
an antireflection coating of magnesium fluoride (MgF2).
If absorber layers of both types were present in a single
two-terminal solar cell, parasitic impedances and addi-
tional circuitry will be avoided. However, the absorbers
of both types must have minimum lattice difference and
should be capable of being deposited in a single de-
vice with compatible fabrication techniques. CIGS and
CZTSSe are almost lattice matched [12, 13] and can be
fabricated using vapor deposition techniques [14].
Hence, the double-absorber CIGS-CZTSSe solar cell
shown in Fig. 1(c) is proposed and theoretically studied
in this communication, using a detailed optoelectronic
model [15] coupled with the differential evolution algo-
rithm [16] for optimization. In conformance with exist-
ing thin-film solar cells, the thicknesses of various layers
were fixed as follows: LMgF2 = 110 nm, LAZO = 100 nm,
LZnO = 80 nm, LCdS = 70 nm, LAl2O3 = 10 nm,
and LMo = 500 nm. Also in conformance with exist-
ing solar cells, the thicknesses LCIGS ≤ 2200 nm and
LCZTSSe ≤ 2200 nm of the two absorber layers were kept
variable. With the exposed surface of the MgF2 layer
identified as the plane z = 0 and the z axis pointing
into the solar cell (as shown in Fig. 1), the z-dependent
bandgap energy (in eV) was modeled in the CIGS layer
as [10]
Eg(z) = Ea1 +A1 (Eb1 − Ea1)
×
(
1
2
{
sin
[
2pi
(
K1
z − L1
LCIGS
− ψ1
)]
+ 1
})α1
,
z ∈ [L1, L2] , (1)
and in the CZTSSe layer as [11]
Eg(z) = Ea2 +A2 (Eb2 − Ea2)
×
(
1
2
{
sin
[
2pi
(
K2
z − L2
LCZTSSe
− ψ2
)]
+ 1
})α2
,
z ∈ [L2, L3] , (2)
where Eb1 = 1.626 eV, Eb2 = 1.49 eV, L1 = LMgF2 +
LAZO + LZnO + LCdS, L2 = L1 + LCIGS, and L3 =
L2 + LCZTSSe. Whereas Eg(z) in the CIGS layer can be
engineered through ξ1(z) [6], Eg(z) in the CZTSSe layer
can be engineered through ξ2(z) [12, 17].
Equations (1) and (2) can represent a wide variety
of bandgap-energy profiles. Based on experience, op-
timization was carried out in the parameter space de-
fined as follows: Ea1 ∈ [0.947, 1.626] eV, A1 ∈ [0, 1],
K1 ∈ [0, 8], ψ1 ∈ [0, 1], α1 ∈ [0, 7], Ea2 ∈ [0.91, 1.49] eV,
A2 ∈ [0, 1], K2 ∈ [0, 8], ψ2 ∈ [0, 1], and α2 ∈ [0, 8],
LCIGS ∈ [0, 2200] nm, LCZTSSe ∈ [0, 2200] nm, and
0 < LCIGS + LCZTSSe ≤ 2200 nm.
CIGS (2200 nm)
CdS
z=0
MgF2
od − ZnO
Al2O3
Mo back-contact 
Ni/Al front-contact Ni/Al
Glass
(a)
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Mo back-contact 
Ni/Al front-contact Ni/Al
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(b)
CIGS (300 nm)
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AZO
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CZTSSe (870 nm)
Al2O3
Mo back-contact 
Ni/Al front-contact Ni/Al
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(c)
AZO
FIG. 1. Schematic of the thin-film solar cell based on (a) CIGS
absorber layer (b) CZTSSe absorber layer (c) CIGS-CZTSSe
double-absorber layer. The thickness of the absorber layer
in both (a) and (b) equals 2200 nm for the highest efficiency
reported in the literature [4]. The optimal thicknesses of the
two absorber layers in (c) are predicted in this paper.
The optoelectronic model [15] has a photonic step and
an electronic step. In the photonic step, the transfer-
matrix method [18, 19] was used to determine the elec-
tric and magnetic fields everywhere inside the solar cell
due to normally incident monochromatic radiation. The
transfer-matrix method is an efficient technique to solve
the frequency-domain Maxwell equations. Thereafter,
the electron-hole-pair generation rate G(z) was deter-
mined in the ZnO, CdS, CIGS, and CZTSSe layers of
the double-absorber solar cell [10], assuming normal il-
lumination by unpolarized polychromatic light endowed
with the AM1.5G solar spectrum [20]. The frequency-
dependent relative permittivity of every material in the
double-absorber solar cell is available elsewhere [10, 11].
In the electronic step, the electron-hole-pair generation
rate was used as an input to the 1D drift-diffusion equa-
tions [1, 15] applied to the semiconductor layers. The
nonlinear Shockley–Read–Hall, Auger, and radiative con-
3tributions to the electron-hole recombination rate R(z)
were incorporated for the ZnO, CdS, CIGS, and CZTSSe
layers. Both electrical contacts were assumed to be ide-
ally ohmic and local quasi-thermal equilibrium was ap-
plied to determine boundary conditions. Electrical data
for ZnO, CdS, CIGS, and CZTSSe are available elsewhere
[10, 11]. A set of six nonlinear differential equations
was solved using a hybridizable discontinuous Galerkin
(HDG) scheme [15, 21, 22] to determine the current den-
sity Jdev and the electrical power density P = JdevVext
as functions of the bias voltage Vext under steady-state
conditions. In turn, the Jdev-Vext and the P -Vext curves
yielded Jsc, Voc, η, and a figure of merit called the fill
factor FF ∈ [0, 1] which should be as high as possible [1].
The model has been validated against experimental re-
sults [10, 11].
Finally, the widely used differential evolution algo-
rithm [16] was adopted to maximize η with respect to Ea1,
A1, K1, ψ1, α1, Ea2, A2, K2, ψ2, α2, LCIGS, and LCZTSSe.
The algorithm was implemented using MATLAB R© ver-
sion R2019a and run over a search time of eight weeks.
Given an initial guess in this search space, the underlying
strategy in differential evolution is to improve the candi-
date solution at every iteration step and does not require
explicit gradients of the cost function (i.e., η). A mul-
tidimensional parameter space can be searched by this
metaheuristic algorithm.
The highest value of η predicted for the double-
absorber solar cell is 34.45%; correspondingly, Jsc =
38.11 mA cm−2, Voc = 1085 mV, and FF = 0.83.
The optimal thicknesses of the absorber layers in the
double-absorber solar cell are LCIGS = 300 nm and
LCZTSSe = 870 nm. The corresponding bandgap-energy
parameters are as follows: Ea1 = 0.95 eV, A1 = 0.91,
K1 = 1.88, ψ1 = ψ2 = 0.75, α1 = α2 = 6, Ea2 = 0.91 eV,
A2 = 0.99, and K2 = 2. The efficiency drops to no less
than 34.43%, if any of the optimal bandgap-energy pa-
rameters is altered by 1%.
If the CZTSSe absorber layer is absent but LCIGS =
300 nm, the highest efficiency predicted is 19.01%, Jsc =
25.98 mA cm−2, Voc = 1023 mV, and FF = 0.73; these
values were obtained with Ea1 = 0.95 eV, A1 = 0.98,
K1 = 1.5, ψ1 = 0.74, and α1 = 6. If the CIGS absorber
layer is absent but LCZTSSe = 870 nm, the highest effi-
ciency is 21.74%, Jsc = 37.39 mA cm
−2, Voc = 772 mV,
and FF = 0.75; these values were obtained with Ea2 =
0.92 eV, A2 = 0.98, K2 = 2, ψ2 = 0.75, and α2 = 6. No-
tice that the double-absorber solar cell outperforms both
single-absorber cells in all four perfomance parameters:
η, Jsc, Voc, and FF. The double-absorber solar cell ap-
pears to derive the high value of Jsc from the CZTSSe
absorber layer and the high value of Voc from the CIGS
absorber layer.
Equations (1) and (2) encompass both absorber lay-
ers being homogeneous in the space of the parameters
chosen for optimization. Therefore, the highest effi-
ciency with the graded-bandgap-energy absorber layers
will necessarily exceed (or equal) the highest efficiency
with homogeneous-bandgap-energy absorber layers. In-
deed, if we fix LCIGS = 300 nm, LCZTSSe = 870 nm,
and A1 = A2 = 0, the highest efficiency predicted is
11.08% with Ea1 = 0.95 eV and Ea2 = 0.91 eV; corre-
spondingly, Jsc = 35.90 mA cm
−2, Voc = 455 mV, and
FF = 0.67. If LCIGS = 300 nm and LCZTSSe = 0, the
highest efficiency predicted is 11.59% with Ea1 = 1.25 eV,
Jsc = 22.56 mA cm
−2, Voc = 681 mV, and FF = 0.76.
Conversely, if LCIGS = 0 and LCZTSSe = 870 nm, the
highest efficiency predicted is 11.84% with Ea2 = 1.20 eV,
Jsc = 30.13 mA cm
−2, Voc = 558 mV, and FF = 0.70.
Thus, even though the double-absorber solar cell exceeds
both single-absorber solar cells in Jsc, it underperforms
both in Voc so much so that its efficiency is somewhat
lower than either’s. Grading of the bandgap energy of
both absorber layers is the key to significantly higher ef-
ficiency.
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FIG. 2. (a) Eg(z) and (b) G(z) and R(z) in the
ZnO/CdS/CIGS/CZTSSe region of the optimal double-
absorber solar cell.
The spatial variation of Eg in the
ZnO/CdS/CIGS/CZTSSe region of the optimal double-
absorber solar cell is depicted in Fig. 2(a), and those
of G(z) and R(z) in Fig. 2(b). The generation rate
is higher in regions with lower bandgap energy and
vice versa. The recombination rate is higher in regions
with higher bandgap energy, due to higher defect/trap
density caused by higher gallium or sulfur content in
those regions.
Whereas Eg is independent of z in both the ZnO and
CdS layers (by design), it varies with z in both absorber
layers. This variation comprises constant-Eg regions sep-
arated by regions with large Eg gradients. The bandgap
energy is low in the constant-Eg regions, these regions
being responsible for elevating the electron-hole pair gen-
eration rate because less energy is required to excite an
electron-hole pair across a narrower bandgap [23]. Fig-
ure 2(b) confirms that G(z) exceeds R(z) in the constant-
Eg regions.
4The large Eg gradient close to the back surface in the
CZTSSe layer enhances the drift field to reduce the back-
surface recombination rate, thereby supplementing the
role of the Al2O3 passivation layer [24, 25]. Since the
bandgap energy is high close to both faces of each ab-
sorber layer, Voc is high in the optimal design [24, 26, 27].
The triangular regions in the middle of each absorber
layer in Fig. 2(a) also create an additional drift field that
favors the charge-carrier collection deep inside the ab-
sorber layer [8].
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FIG. 3. Plots of Jdev and P vs. Vext of the optimal double-
absorber solar cell. The values of Jdev and Vext for maximum
P are identified.
The Jdev-Vext characteristics of the optimal double-
absorber solar cell are shown in Fig. 3. The op-
toelectronic model predicts that the solar cell should
be operated with Vext = 965 mV to deliver Jdev =
35.71 mA cm−2; then 34.45 mW cm−2 is predicted as
the maximum extractable power density when the inci-
dent solar flux is 100 mW cm−2.
To conclude, CIGS solar cells deliver higher efficiency
than CZTSSe solar cells, whether the bandgap energy in
the absorber layer is homogeneous [4] or graded [10, 11].
But CIGS contains indium which is not plentiful on our
planet whereas no constituent element of CZTSSe suffers
from that constraint. If absorber layers of both CIGS
and CZTSSe are used in a single solar cell, then the effi-
ciency can be boosted highly to 34.45% and the fill factor
to 0.83 provided the bangap energy is optimally graded,
with the CIGS layer being only 300-nm thick and the
CZTSSe layer being 870-nm thick. Practical realization
of this double-absorber thin-film solar cell, or an approxi-
mative variant thereof, will require the attention of exper-
imentalists and may not perform as well as predicted by
a detailed optoelectronic model. Nevertheless, this solar
cell is promising for ubiquitous in-device microwatt-scale
generation of electricity.
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